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Résumé
Le problème des vibrations des pales d’éoliennes provoquées par les fluides est étudié en Inter-
action Fluide Structure avec une méthode de couplage fort. Une technique simple est implémentée
dans une subroutine pour le couplage du code CFD avec un programme de calcul dynamique
pour déterminer la réponse de la structure et actualiser le maillage fluide à chaque pas de temps.
L’étude est appliquée à un profil d’aile en oscillation combinée en torsion et battements.
Mots clés: Aeroelasticité. Flutter. Equations de Navier-Stokes. ALE. Maillage mobile.
Abstract
Flow induced wind turbine airfoil vibrations are investigated by a strong coupled fluid structure
interaction approach. A straightforward technique is implemented in a user subroutine for the
coupling of the CFD code to a structural dynamics program to determine the airfoil displacements
due to the aerodynamics forces and for updating the grid at each time step. These simulations
are carried out for an airfoil in combined pitch and vertical oscillations.
Keywords: Aeroelasticity. Flutter. Navier-Stokes equations. ALE. Moving mesh.
1 Introduction
With the increasing size of the wind turbines and the highly unsteady aerodynamic asso-
ciated to their operating conditions, aeroelastic instabilities can occured on the new large
wind turbine blades. According to Hansen [1], the two aeroelastic instabilities expected
to occur or that have occured are (i) the stall-induced vibrations on stall regulated wind
turbines and (ii) the classical flutter on the newest pitch-controlled wind turbines. In
addition, aeroelastic instabilities can also be experienced by parked wind turbine blades
at high wind speeds. Moreover, blades are made of composite materials that the struc-
tural damping vary with the temperature and decreases with aging [2]. Then, aeroelastic
stability of wind turbine blades have to be analysed. So there is a need to perform
aeroelastic computations by means of a strong coupled approach with Fluid Structure
Interaction (FSI) techniques. FSI approach was applied in Ref. [3] for the simulation
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of the flap-lead/lag vibrations of a wind turbine blade where an in house Computational
Fluid Dynamics (CFD) code was coupled to a structural code.
In this paper, the Flutter instabilities are simulated with a strong coupled method .
The testcase is representative of a parked wind turbine blade at high windspeed, without
yaw error. The aim of this study is to propose a straightforward technique to be used
with general computer tools. The numerical simulations are performed using StarCD,
an industrial CFD code which is coupled to a computational structural program for the
solution of the dynamic equations of the blade. A technique is implemented in a user
subroutine for the coupling of both codes and for updating the grid at each time step.
2 Numerical approach
The fluid equations. The fluid equations are described in ALE coordinates where the
grid is considered as a referential frame moving with an arbitrary velocity. Let Ωf ∈ R2
a 2D spatial domain occupied by the fluid. The incompressible Navier Stokes equations



















where t, is the time, xi the Cartesian coordinate of a point of Ωf , ui, the absolute velocity
component in the direction i, ucj, the velocity of the moving grid, p, the pressure, ρ, the
fluid density, g, the determinant of the metric tensor and τij , the stress tensor components.
A detailed description of the derivation of the ALE formulation can be found in the
litterature (see e.g. [4] or [5]).
The airfoil is located inside a cylinder of R1 radius. This cylinder is surrounded by
an annular space of R1 and R2 radii. The external domain is rectangular and it extends
upstream to a distance of 15 c and downstream to a distance of 30 c, where c is the airfoil
chord length. The North and South boundaries are located at ±15 c respectively. The
O-H block structured mesh consists of 118 700 cells.
The inflow condition is applied at the West boundary having defined the free-stream
velocity. The outflow condition is defined at the East boundary. A symmetry condition
is applied on the South and North boundaries. At the airfoil surface, the fluid velocity is
equal to the airfoil speed.
The Navier Stokes equations are solved by a finite volume method. The PISO algo-
rithm is applied for the solution of the coupled pressure velocity equations. The UPWIND
differencing scheme is used for the discretisation of the convection-diffusion terms. The
temporal discretisation is performed with the implicit θ – scheme.
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The dynamic equations. It is assumed that the airfoil is an elastic body and the airfoil
elasticity is described by a two degrees of freedom model. The dynamic equations of the
airfoil are defined from the Lagrange equations:
m ÿ + 2mωyζy ẏ − mrG α̈ + ky y = −Fy (3)
Jα α̈ + 2Jαωαζα α̇ − mrG ÿ + kα α = M0 (4)
where α, y, α̇, ẏ , α̈ and ÿ are the airfoil rotational and vertical displacement, velocity
and acceleration respectively, m is the airfoil mass, rG the distance between the centre of
gravity and the elastic axis, Jα, the inertia moment around the elastic axis, kα and ky are
the torsion and bending stiffness, ζα and ζy are the damping coefficients, ωα = (kα/Jα)
1/2
and ωy = (ky/m)
1/2 are the airfoil natural frequencies. Fy is the vertical component of
the aerodynamic force and M0 is the torsion moment. These forces are obtained from the
solution of the Navier-Stokes equations. The solution algorithm of the dynamic equations
is based on the Crank Nicholson scheme.
The coupling scheme. An explicit coupling procedure is applied. This first order
scheme does not conserve energy at the moving fluid - solid interface. It is well known
that implicit algorithms are more suitable [4]. However, implicit schemes are more com-
putationally expensive and heavy to implement and to integrate in a commercial CFD
code. Therefore they are not used in this study.
The moving mesh technique. The O-H block structured grid allows a meshing tech-
nique easy to implement: The mesh of the cylinder sub-domain of R1 radius moves rigidly
with the airfoil. In the annular sub-domain of R1 and R2 radii, the grid nodes move with
a moving mesh method based on algebraic interpolation. A detailed description of this
technique is given in Ref. [6]. The vertices of the outer domain are stationary. Given an
appropriate choice of the radii R1 and R2, the resulting mesh distortions are small and
the original mesh quality is preserved.
3 Application
This study is applied to a cambered NACA 632415 airfoil used on outboard part of the
large horizontal axis wind turbine blades. The elastic axis and the centre of gravity are
located at 0.40 c and 0.37 c from the leading edge, respectively. The initial flow-field is
determined with computations carried out for an airfoil at a fixed initial position. When
steady state solutions are reached, the airfoil is released in the fluid and the computations
are performed in FSI. Various parameters have been investigated such as: αinit and yinit,
the airfoil initial position, U∞, the free stream velocity, the airfoil elastic parameters
and V ∗ the related speed index defined as V ∗ = U∗/
√
µs where U
∗ = 2 U∞/ωα c and
µs = 4 m/π ρ c
2 is the mass ratio. All computations are carried out for 2D, incompressible
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Fig. 1: Time histories of the lift coefficient
and laminar flow. The time step has been fixed to 10−4 s. The simulations are started
with zero initial vibration velocity.
Results. The results obtained for the lift coefficient with αinit = 12
◦, yinit = −0.05 m,
V ∗ = 1.90 and ζy 6= 0 and ζα 6= 0 are represented on the figure 1. The time series of
the lift coefficient are compared to a linear aerodynamic model based on Scalan’s flutter
derivatives and a Quasi-Steady Theory [7]. The linear model is based on the assumption
of a potential flow thus it is reliable for attached flows at small angles of attack. However,
it is often used as a reference for other aerodynamics models. As a whole, the figure 1
shows that the lift coefficient computed with the CFD model agree well with that of the
linear model. Both lift coefficients vary at the same frequency but lower peak values and
higher amplitude variations are found with the linear theory. Similar behaviour was found
with αinit = 6
◦, yinit = +0.05 m and V
∗ = 1.90 or V ∗ = 3.
Next, the sudden variation of the airfoil elastic parameters is simulated. These com-
putations are started with the previous values of V ∗, ζα and ζy. Then, at a certain time
t′, it is assumed that the airfoil is suddenly without damping and the torsion stiffness
becomes k′α = kα/4. The phase portraits and time histories of the pitch and vertical
oscillations of the airfoil are depicted on the figure 2. This figure shows that for t < t′,
the airfoil oscillations are damped. At time t′, the airfoil has no zero initial velocity and
acceleration and the flow is fully attached to the airfoil surface or mildly separated at the
trailing edge. From the time t′, the time histories of the airfoil movements show that the
vertical oscillations seem to be in a neutral response and that the pitch oscillations ex-
hibit a divergence like oscillations. The phase portraits show that the vertical oscillations
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Fig. 2: Phase portraits and time histories of the pitch and vertical oscillations
are slowly damped while the pitch oscillations are diverging. Then flutter motions can
occur on a parked wind turbine blade after a certain amount of time, when the dynamic
properties of the airfoil are deteriorated. It is noticed that the blade torsional frequency
of this testcase is 6.9 Hz.
4 Summary and conclusion
Flow induced vibrations were investigated for an airfoil used on wind turbine blades.
The method is based on a strong coupled Fluid Structure Interaction approach. CFD
computations are performed for incompressible and low Reynolds number flows, using an
industrial CFD code that solves the Navier Stokes equations defined in ALE coordinates.
A straightforward coupling and meshing technique was implemented in a user subroutine
called by the CFD code at each time step. The coupling method was successfully applied
for the computation of the viscous laminar flow around a wind turbine airfoil in combined
pitch and vertical oscillations.
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This method will be extended to a 3D domain to take into account the non homogenous
properties of the 3D blade. However, although the numerical tools performance are more
and more increasing, a FSI approach applied to the entire wind turbine i.e. including
the tower, the nacelle and the shaft is too time consuming. Then future challenges lies
in developing the Reduced Order Modelling (ROM) technique that is efficient to model
larger systems. In particular, the Proper Orthogonal Decomposition (POD) technique
that performances have been confirmed in fluid mechanics, has been successfully tested
in FSI applications by Liberge et al. [8].
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